Introduction
Cholesterol is the obligatory precursor of bile acids in all mammals. Until recently, virtually all bile acids were considered to be produced via a single pathway. The first reaction, the conversion of cholesterol to 7α-hydroxycholesterol, is catalyzed by the microsomal enzyme cholesterol 7α-hydroxylase (EC 1.14.13.17) and is considered rate controlling (1, 2) . This bile acid synthetic pathway is designated as the classic pathway. The hepatic bile acid flux exerts negative feedback control on cholesterol 7α-hydroxylase (3) (4) (5) so that depletion of the bile acid pool upregulates, and feeding bile acid inhibits, cholesterol 7α-hydroxylase and bile acid synthesis via the classic pathway. Recently, it has been shown (6, 7) that bile acids may be synthesized via an alternative pathway (Fig. 1) . The initial reaction is the formation of 27-hydroxycholesterol from cholesterol catalyzed by mitochondrial sterol 27-hydroxylase, which may be considered a ratecontrolling reaction for this pathway. The alternative pathway begins with the formation of 27-hydroxycholesterol that is then 7α-hydroxylated by microsomal oxysterol 7α-hydroxylase (27-hydroxycholesterol-7α-hydroxylase), an enzyme that is independent and different from cholesterol 7α-hydroxylase, but both pathways lead to the formation of cholic acid. Information about the regulation of sterol 27-hydroxylase and alternative bile acid synthesis is limited and controversial. Vlahcevic et al. (8) reported that in rats, malabsorption of bile acid produced by cholestyramine stimulated, and bile acid feeding inhibited, hepatic sterol 27-hydroxylase activity. Araya et al. (9) reported that in rabbits, sterol 27-hydroxylase activity did not respond to cholic acid feeding or bile acid malabsorption by cholestyramine treatment that modulated strongly cholesterol 7α-hydroxylase activity and mRNA levels.
The role of cholesterol in classic bile acid synthesis is less well understood, although studies in rats suggest that feeding cholesterol upregulates cholesterol 7α-hydroxylase and increases bile acid formation (10) (11) (12) (13) . These results may relate in part to the greater availability of substrate (cholesterol), or to the idea put forward by Björkhem et al. (14) that increased intestinal cholesterol interferes with the reabsorption of bile acids and reduces their return to the liver. However, the effect of cholesterol feeding on bile acid synthesis in New Zealand white (NZW) rabbits was opposite that seen in rats. We reported recently (15) that feeding cholesterol to NZW rabbits unexpectedly inhibited cholesterol 7α-hydroxylase activity and mRNA levels. Similarly, it has been reported that cholesterol fed to African green monkeys (16) or hamsters (17, 18) resulted in inhibited cholesterol 7α-hydroxylase activity and mRNA levels. Rudel et al. (16) suggested that increased hepatic cholesterol concentrations might inhibit cholesterol 7α-hydroxylase, and this mechanism was very sensitive to even small increments in liver cholesterol. However, our preliminary study in NZW rabbits (19) suggested that the suppression of cholesterol 7α-hydroxylase by cholesterol feeding was related to expansion of the bile We investigated the effect of increasing dietary cholesterol on bile acid pool sizes and the regulation of the two bile acid synthetic pathways (classic, via cholesterol 7α-hydroxylase, and alternative, via sterol 27-hydroxylase) in New Zealand white rabbits fed 3 g cholesterol/per day for up to 15 days. Feeding cholesterol for one day increased hepatic cholesterol 75% and cholesterol 7α-hydroxylase activity 1.6 times without significant change of bile acid pool size or sterol 27-hydroxylase activity. After three days of cholesterol feeding, the bile acid pool size increased 83% (P < 0.01), and further feeding produced 10%-20% increments, whereas cholesterol 7α-hydroxylase activity declined progressively to 60% below baseline. In contrast, sterol 27-hydroxylase activity rose 58% after three days of cholesterol feeding and remained elevated with continued intake. Bile drainage depleted the bile acid pool and stimulated downregulated cholesterol 7α-hydroxylase activity but did not affect sterol 27-hydroxylase activity. Thus, increasing hepatic cholesterol does not directly inhibit cholesterol 7α-hydroxylase and initially favors enzyme induction, whereas increased bile acid pool is the most powerful inhibitor of cholesterol 7α-hydroxylase. Sterol 27-hydroxylase is insensitive to the bile acid flux but is upregulated by increasing hepatic cholesterol.
acid pool that was associated with increased sterol 27-hydroxylase activity and alternative bile acid synthesis.
In this report, hepatic cholesterol 7α-hydroxylase, sterol 27-hydroxylase, and β-hydroxy-methylglutaryl coenzyme A (HMG-CoA) reductase activities were correlated with the size change in the bile acid pool and hepatic cholesterol levels in NZW rabbits fed increasing amounts of cholesterol. We proposed to test the hypotheses that (a) increasing dietary cholesterol intake does not directly inhibit cholesterol 7α-hydroxylase activity but expands the bile acid pool via increased alternative bile acid synthesis; (b) elevated hepatic cholesterol stimulates sterol 27-hydroxylase activity that is insensitive to feedback regulation by an enlarged or depleted bile acid pool; and (c) cholesterol 7α-hydroxylase is inversely regulated by the hepatic bile acid flux.
Methods
Cholesterol (cholest-5-en-3β-ol) and 5α-cholestane were obtained from Sigma Chemical Co. (St. Louis, Missouri, USA) and used as standards for the measurements of sterols by capillary gas-liquid chromatography. Regular rabbit chow (Purina Mills Inc., St. Louis, Missouri, USA) contained less than 0.001% wt/wt cholesterol. Rabbit chow containing 2% cholesterol was also prepared by Purina Mills. The chow diets all contained 0.57% (wt/wt) saturated fatty acids, 0.66% (wt/wt) monounsaturated fatty acids, and 0.97% (wt/wt) polyunsaturated fatty acids.
Animal experiments. The experiments were carried out in 60 male NZW rabbits (Hazleton Labs, Denver, Pennsylvania, USA) weighing 2.5-3.2 kg. Twelve rabbits were used as controls and fed standard Purina rabbit chow (Purina Mills Inc.). The 2% cholesterol that was incorporated into the Purina chow diet (about 3 g cholesterol per day) was fed to rabbits for 1 day (n = 10), 3 days (n = 12), 5 days (n = 10), 10 days (n = 12), and 15 days (n = 4). Blood samples (2-3 ml) were taken from each rabbit immediately before and at the completion of the feeding period for determinations of plasma cholesterol concentrations and liver function tests (plasma alkaline phosphatase, glutamic-pyruvic acid transaminase, and bilirubin levels). After completion of various periods of cholesterol feeding, bile fistulas were constructed in all rabbits as described previously (20) under anesthesia (ketamine, 40 mg/kg body weight, combined with xylazine, 4 mg/kg body weight, and acepromazine, 0.5 mg/kg body weight, administered intramuscularly). Bile was collected for 30 min to determine baseline bile acid composition and percentage of deoxycholic acid in the bile. Half of the rabbits from each group (6 controls, 5 fed cholesterol for 1 day, 6 for 3 days, 5 for 5 days, and 6 for 10 days) were sacrificed. The livers were removed, and portions were immediately frozen for measurements of activities of microsomal cholesterol 7α-hydroxylase and HMG-CoA reductase, and mitochondrial sterol 27-hydroxylase, and for determinations of hepatic cholesterol concentrations. A separate specimen of the liver was submitted for histologic examination. In the remaining half of the rabbits in each experimental group, bile drainage was continued to collect bile for 5 days, which ensured total recovery of deoxycholic acid from the bile and evaluation of the effect of bile drainage on activities of the enzymes, because after 3 days of bile drainage, cholic acid synthesis was maximally stimulated and reached a steady-state output (20) . During 5 days of bile fistula, all animals were fed regular rabbit chow (without cholesterol) so that we were able to compare enzyme activities and plasma and hepatic cholesterol concentrations between rabbits with and without bile fistula but fed cholesterol for the same number of days (0, 1, 3, 5, and 10 days). Animals with bile fistula were given lactated Ringer's solution with 5% dextrose intravenously at 12 ml/h in the first 24 h, which was replaced by 0.9% NaCl after the animal started eating and drinking. This infusion was continued until the experiment was finished in order to replace the lost body fluid. The rabbits were then sacrificed, and liver and blood were collected for the same biochemical measurements and histologic examinations already mentioned. To test whether prolonged cholesterol feeding would further increase the bile acid pool size, four rabbits were fed 2% cholesterol for 15 days, and bile fistula was constructed for measurement of bile acid pool size only.
The animal protocol was approved by the Subcommittee on Animal Studies at Veterans Affairs Medical Center, and by the Institutional Animal Care and Use Committee at the University of Medicine and Dentistry of New Jersey Medical School.
Bile acid pool size The total bile acid pool sizes were calculated from measurements of the total recovered deoxycholic acid in the bile continuously collected during bile drainage divided by the percentage of deoxycholic acid in the initial bile collected during the first 30 min after the construction of the bile fistula.
Chemical analysis assays for bile acids and sterols. Bile (100 µl) dis-
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Figure 1
Flow diagram illustrating two pathways for bile acid synthesis. Cholesterol serves as the sole substrate and is converted to cholic acid via both classic and alternative pathways. Microsomal cholesterol 7α-hydroxylase is the initial and rate-controlling enzyme for the classic pathway, whereas mitochondrial sterol 27-hydroxylase initiates the alternative pathway and might be rate limiting. The product, 27-hydroxycholesterol, is then 7α-hydroxylated by microsomal oxysterol 7α-hydroxylase (27-hydroxycholesterol-7α-hydroxylase), which is different from microsomal cholesterol 7α-hydroxylase.
Figure 2
Effects of increasing cholesterol feeding on plasma cholesterol concentrations. 1, 3, 5, 10, and 15 represent days on which rabbit groups were fed 2% cholesterol.
solved in 5 ml H 2 O with 100 µg glycoursocholic sodium added as a recovery standard was deproteinized by passage through a C 18 Sep-Pak cartridge (1 cc; Waters Chromatography, Milford, Massachusetts, USA) that was prewashed with 5 ml methanol and 5 ml H 2 O. The bile acid conjugates were then eluted from the Sep-Pak with methanol. The solution was evaporated and the residue was dissolved in 5 ml of 0.02 M acetate buffer, pH 5.6. The bile acids were deconjugated with 30 mg of cholylglycine hydrolase (Sigma Chemical Co.) in the presence of 2-mercaptoethanol and EDTA. After overnight incubation at 37°C, the solution was passed through a C 18 Sep-Pak cartridge prewashed with 5 ml methanol and 5 ml H 2 O and was then eluted with methanol. The recovered free bile acids were methylated with 3 N methanolic HCl. After the solution was evaporated, trimethylsilyl ether derivatives of the bile acids' methylesters were prepared by adding Sil-Prep, a mixture of pyridine, hexamethyldisilazane, and trimethylchlorosilane (Alltech Associates Inc., Deerfield, Illinois, USA). Bile acids were quantitated by capillary gas chromatography (model 5890A; Hewlett-Packard, Palo Alto, California, USA) equipped with a 0.25-mm-inside-diameter × 25-m fused silica CP-Sil 5-CB capillary column (21) . Neutral sterols were extracted with hexane from 1 ml plasma or 1 g (wet) pieces of liver after saponification in 1 N ethanolic NaOH. Trimethylsilyl ether derivatives were prepared and quantitated by capillary gas-liquid chromatography as described previously (22) . The retention times of the sterol trimethylsilyl ether derivatives relative to the internal standard, 5α-cholestane (retention time 14.62 min), were as follows: cholesterol, 1.40; cholestanol, 1.42; and sitosterol, 1.81.
Hepatic microsomal cholesterol 7α-hydroxylase and HMG-CoA reductase activities. Hepatic microsomes were prepared by differential ultracentrifugation (23) , and the protein determined according to Lowry et al. (24) . The assay for HMG-CoA reductase activity was based on the methods by George et al. (25) and Nguyen et al. (26) . Briefly, 50-100 µg of microsomal protein was preincubated at 37°C for 2 min with a reduced nicotinamide adenine dinucleotide phosphate (NADPH)-generating system (34 mM NADP + , 30 mM glucose-6-phosphate, 0.3 U glucose-6-phosphate dehydrogenase) in a total final volume of 100 µl buffer (50 mM K 2 HPO 4 , 30 mM EDTA, 10 mM dithiothreitol, 70 mM KCl, pH 7.4). The reaction was started with the addition of 15 µl 14 Clabeled substrate ([3-14 C]HMG-CoA, purchased from Amersham Corp. [Arlington Heights, Illinois, USA] and diluted with unlabeled HMG-CoA to a specific activity of 25 dpm/pmol and a final concentration of 300 µM). The mixture was incubated for 10 min at 37°C, and the reaction stopped with the addition of 15µl 6 N HCl. About 10,000 cpm of [ 3 H]mevalonolactone and unlabeled mevalonolactone were added for recovery standard and product marker, respectively. After lactonization at 37°C for 15 min and adding 100 µl of water, the products were extracted twice with 1 ml of ether in the presence of 0.2 g of sodium sulfate and separated by thin-layer chromatography Silica Gel 60 plates (VWR Scientific, Bridgeport, New Jersey, USA) with hexane/ethyl acetate (1:1 vol/vol) as solvent system. The immediate product ( 14 C-labeled mevalonolactone) was quantitated by liquid scintillation spectrometry in Ecolume (ICN Radiochemicals Inc., Irvine, California, USA).
Cholesterol 7α-hydroxylase activity was measured in hepatic microsomes after removal of endogenous lipid by acetone and reconstitution of the microsomal protein with cholesterol and optimum amounts of cofactors by the isotope incorporation method of Shefer et al. (23, 27) .
Hepatic mitochondrial sterol 27-hydroxylase activity. The method for measurement of sterol 27-hydroxylase activity was the same as described previously by Shefer et al. (28) . Hepatic mitochondria were prepared by differential ultracentrifugation (23) , and the protein determined according to Lowry et al. (24) . Mitochondrial sterol 27-hydroxylase activity was assayed by an isotope incorporation method. Standard incubation mixtures contained in a volume of 0.5 ml: 100 mM phosphate buffer, pH 7.4; 0.1 mM EDTA; 5 mM dithiothreitol (DTT); 300 µM [4-14 C]cholesterol solubilized in 0.15% Triton X-100 and 50-150 µg mitochondrial protein. The reaction was initiated by the addition of NADPH-generating system containing 2.5 µmol D,L-trisodium isocitrate, 0.1 IU isocitrate dehydrogenase, and 0.6 µmol NADPH, incubated at 37°C for 15 min, and stopped with 100 µl aqueous NaOH (50%). Unlabeled and [ 3 H]27-hydroxycholesterol (5,000 cpm) were added as product marker
Figure 3
Effects of increasing cholesterol feeding and bile fistula on hepatic cholesterol concentrations. Rabbits with bile fistula (+BF) were also fed 2% cholesterol chow for 1, 3, 5, and 10 days, and bile fistulas were constructed after cholesterol was fed. During the fistula period, the rabbits were then fed regular rabbit chow (without cholesterol). The open bars represent hepatic cholesterol concentrations in controls and rabbits after feeding cholesterol, and the crosshatched bars represent hepatic cholesterol levels after 5 days of bile drainage. Although hepatic cholesterol concentrations in the cholesterol-fed rabbits decreased after bile drainage, they still remained significantly higher than the baseline value in the control rabbits.
Figure 4
Disappearance of deoxycholic acid (expressed as percent) in the bile after bile fistula in controls and rabbits fed cholesterol for 10 days. Deoxycholic acid represented 83%-88% of the total bile acids in the initial bile and disappeared from the bile after 3 or 4 days of bile fistula in controls and cholesterol-fed rabbits, respectively. There was no significant difference in percent deoxycholic acid between control and cholesterol-fed rabbit groups. and recovery standard, respectively. The neutral sterols were extracted with ethyl acetate and the extract was washed to neutral pH. Then 27-hydroxycholesterol was separated from the substrate (cholesterol) and other products by thin-layer chromatography on silica gel plates (Silica Gel 60; EM Science, Gibbstown, New Jersey, USA) with hexane/ethyl acetate (1:1 vol/vol). The radioactivity in the spot corresponding to 27-hydroxycholesterol (Rf 0.56) was determined by liquid scintillation spectroscopy using Ecolume (ICN Radiochemicals Inc.). Proof of the radiopurity of 27-hydroxycholesterol was based on crystallization of the product to constant specific activity with authentic 27-hydroxycholesterol (Research Plus, Bayonne, New Jersey, USA). The mass of 27-hydroxycholesterol is calculated from the recovered radioactivity divided by the initial specific activity of the substrate and expressed as picomoles per milligram mitochondrial protein per minute.
Statistical study. Data are shown as means ± SD and were compared statistically by Student's t test (unpaired). The BMDP statistical software (BMDP Statistical Software, Inc. Los Angeles, California, USA) was used for statistical evaluations.
Results
The effects of cholesterol feeding on plasma cholesterol concentrations are illustrated in Fig. 2 . Plasma cholesterol concentrations increased 3.6 times after 1 day, 11.7 times after 3 days, 20 times after 5 days, 33 times after 10 days, and 20 times after 15 days of feeding chow that contained 2% cholesterol (3 g per day). Figure 3 shows the comparison of hepatic cholesterol concentrations in control and cholesterol-fed rabbits and after five days of bile drainage. Hepatic cholesterol levels rose progressively after feeding cholesterol 3 g per day for 1 to 10 days. Cholesterol levels increased 75% (P < 0.05) after 1 day, 4 times after 3 days (P < 0.0001), 7 times after 5 days (P < 0.0001), and 9.6 times after 10 days (P < 0.0001) of feeding cholesterol. After 5 days of bile drainage, hepatic cholesterol concentrations decreased in all rabbit groups, but they still remained significantly higher than baseline in rabbits fed cholesterol for 1 day (P < 0.05), 3 days (P < 0.05), 5 days (P < 0.01), and 10 days (P < 0.001).
The bile acid pool size was measured by the total recovery of biliary deoxycholic acid (excreted in the bile as the glycine conjugate) after bile fistula divided by the percentage of deoxycholic acid in the initial bile specimens. Figure 4 shows the disappearance of deoxycholic acid in the bile after bile fistula in controls and the rabbits fed 2% cholesterol for 10 days. There was no significant difference in percentage of deoxycholic acid at baseline (87.9% ± 4.6% vs. 83.0% ± 3.7%) between controls and cholesterol-fed rabbits. In both rabbit groups, deoxycholic acid rapidly decreased and eventually disappeared after three to four days of bile fistula (percent deoxycholic acid was 1% ± 0.2% of the biliary bile acids in cholesterol-fed rabbits on the fourth day). In rabbits fed cholesterol for 1, 3, 5, and 15 days, depletion of deoxycholic acid from the bile after bile fistula showed the same pattern. Figure 5 presents bile acid pool sizes in rabbits fed cholesterol from 1 to 15 days. The pool size was expanded when cholesterol was fed so that after 1 day, the pool increased to 265 ± 21 mg (+28%) compared with the baseline 207 ± 58 mg, but the difference was not statistically significant. After 3 days of cholesterol feeding, the bile acid pool rose to 379 ± 85 mg (+83%; P < 0.01); after 5 days, to 387 ± 65 mg (+87%; P < 0.001); after 10 days, 421 ± 25 mg (+100%; P < 0.0001); and after 15 days, 397 ± 27 mg (+92%; P < 0.01). However, cholesterol feeding beyond 3 days did not result in significantly larger bile acid pool sizes despite continued accumulation of hepatic cholesterol.
Activity of microsomal cholesterol 7α-hydroxylase, the rate-limiting enzyme for the classic bile acid synthetic pathway, unexpectedly rose 1.6 times (from 27.7 ± 6.8 to 45.1 ± 9.0 pmol/mg/min; P < 0.01) after 1 day of cholesterol feeding (Fig. 6) , at a time when hepatic cholesterol concentrations had increased 75% (P < 0.05) but the bile acid pool size had not enlarged significantly. However, as the daily dietary intake of cholesterol (3 g per day) continued, cholesterol 7α-hydroxylase activities progressively decreased so that after 3 days of cholesterol feeding, enzyme activity declined to 28.7 ± 11.7 pmol/mg/min (P < 0.05 compared with upregulated activity, 45.1 ± 9.0 pmol/mg/min, on day 1 of cholesterol feeding); after 5 days, the activity fell to 19.5 ± 2.4 pmol/mg/min (P < 0.05, vs. baseline); and after 10 days, to 10.6 ± 6.1 pmol/mg/min (P < 0.01, vs. baseline). Figure 6 also shows that 5 days of bile drainage strongly stimulated cholesterol 7α-hydroxylase activity in every group except for the rabbits fed cholesterol for 1 day when cholesterol 7α-hydroxylase had already been induced. In control rabbits, cholesterol 7α-hydroxylase activity rose from baseline 27.7 ± 6.8 to 52.7 ± 8.3 pmol/mg/min (P < 0.001) after 5 days bile drainage. However, the highest increases of cholesterol 7α-hydroxylase activity were observed after bile drainage in the rabbits fed cholesterol for 5 days (72.1 ± 12.7 pmol/mg/min; P < 0.0001) and 10 days (115.4 ± 33.8 pmol/mg/min; P < 0.0001), when hepatic cholesterol levels were the highest.
Activity of hepatic mitochondrial sterol 27-hydroxylase (Fig. 7) , the rate-limiting enzyme for alternative bile acid synthetic pathway, did not change after 1 day of cholesterol feeding (21.2 ± 4.7 pmol/mg/min compared with the baseline 25.1 ± 8.5 pmol/mg/min) but rose signifi-
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Figure 5
Effects of increasing cholesterol feeding on bile acid pool sizes. The bile acid pool size enlarged significantly in rabbits fed 2% cholesterol for 3 days compared with the baseline values, whereas feeding cholesterol for more than 3 days did not further increase the pool size significantly.
cantly after 3 days (39.8 ± 12.2 pmol/mg/min; +59%; P < 0.05), 5 days (44.5 ± 8.1 pmol/mg/min; +77%; P < 0.01), and 10 days (46.0 ± 14.4 pmol/mg/min; +83%; P < 0.05) of cholesterol feeding. Unlike cholesterol 7α-hydroxylase, however, removal of the bile acid pool by bile fistula did not stimulate enzyme activity. As shown in Fig. 7 , there was no significant change in sterol 27-hydroxylase activity after bile drainage. Hepatic HMG-CoA reductase activity (Fig. 8 ) was inhibited significantly (-50%; P < 0.0001; 16.7 ± 5.4 pmol/mg/min compared with the baseline 33.9 ± 14.4 pmol/mg/min) after 1 day of cholesterol feeding and remained suppressed after 3 days (-70%; P < 0.0001; 10.0 ± 3.7 pmol/mg/min), 5 days (-72%; 9.5 ± 2.7 pmol/mg/min), and 10 days (-76%; 8.0 ± 3.2 pmol/mg/min) of cholesterol feeding. However, after bile drainage that depleted the enterohepatic bile acid pool, depressed HMG-CoA reductase activity rose significantly in all rabbit groups (Fig. 8) . In contrast to cholesterol 7α-hydroxylase activity, which was highest after bile drainage in rabbits fed cholesterol for the longest periods (Fig. 6) , the livers that contained most hepatic cholesterol were associated with the smallest increase of HMG-CoA reductase activity after bile drainage. However, even in rabbits fed cholesterol for 10 days with high hepatic cholesterol concentrations (9.92 ± 3.60 mg/g), HMG-CoA reductase activity (61.1 ± 20.3 pmol/mg/min) after the bile fistula was still significantly higher (P < 0.05) than the baseline (33.9 ± 14.4 pmol/mg/min).
Liver function tests showed normal values for plasma alkaline phosphatase, glutamic-pyruvic acid transaminase, and bilirubin in all cholesterol-fed groups. Liver histology showed only increased deposition of fat in the cholesterol-fed rabbits, with no hepatocyte damage, inflammation, or disruption of the architecture.
Discussion
This study has expanded our understanding and better defined the role of dietary cholesterol intake and the hepatic bile acid pool on regulation of classic (cholesterol 7α-hydroxylase) and alternative (sterol 27-hydroxylase) bile acid synthesis and hepatic cholesterol formation (HMG-CoA reductase). The study confirmed that an enlarged bile acid pool, but not increased hepatic cholesterol concentrations, inhibited cholesterol 7α-hydroxylase activity (classic bile acid synthesis). Feeding cholesterol initially increased cholesterol 7α-hydroxylase activity, but the expansion of the bile acid pool was a much more powerful downregulator, and cholesterol 7α-hydroxylase became inhibited. Mitochondrial sterol 27-hydroxylase was also stimulated by increasing hepatic cholesterol but did not respond to expansion or depletion of the bile acid pool. This study also suggested that although cholesterol was a potent inhibitor of hepatic HMG-CoA reductase activity, interruption of the enterohepatic circulation was a more powerful stimulus for upregulation of this enzyme activity even when hepatic cholesterol levels remained high.
This study showed that after one day of cholesterol feeding, hepatic cholesterol rose significantly and cholesterol 7α-hydroxylase activity was initially stimulated because the bile acid pool had not yet enlarged significantly. However, HMG-CoA reductase responded immediately to the increased hepatic cholesterol pool and was significantly inhibited. After 3, 5, and 10 days of cholesterol feeding, the bile acid pool expanded and cholesterol 7α-hydroxylase activity progressively declined. This observation suggested that increased hepatic cholesterol stimulated cholesterol 7α-hydroxylase activity, perhaps by providing extra substrate, but that the circulating bile acid pool was a much more powerful regulator of cholesterol 7α-hydroxylase; so, when the bile acid pool size significantly expanded, enzyme activity decreased. The bile
Figure 6
Effects of increasing cholesterol feeding and bile fistula on cholesterol 7α-hydroxylase activity. The open bars represent cholesterol 7α-hydroxylase activity in controls and after different days of cholesterol feeding; the crosshatched bars represent the activity after 5 days of bile drainage. Cholesterol 7α-hydroxylase activity unexpectedly increased significantly after 1 day of 2% cholesterol feeding and then progressively decreased in rabbits fed 2% cholesterol for more than 3 days. The activities after bile drainage were all significantly higher than the baseline value (the open bar in controls). The highest levels were seen after bile drainage in the rabbits fed 2% cholesterol for 5 and 10 days.
Figure 7
Effects of increasing cholesterol feeding and bile fistula on sterol 27-hydroxylase activity. The open bars represent sterol 27-hydroxylase activity in controls and after different days of cholesterol feeding; the crosshatched bars represent the activities after 5 days of bile drainage. Enzyme activities were significantly increased in rabbits fed 2% cholesterol for 3 or more days. There was no difference between the activities before and after bile drainage in each rabbit group. acid pool size had almost reached its maximum plateau after 3 days of cholesterol feeding; further intake (5, 10, and 15 days) did not raise the pool size significantly. The fact that enlargement of the bile acid pool size occurred first and was followed by inhibition of cholesterol 7α-hydroxylase confirmed the hypothesis that expanded bile acid pool was responsible for downregulation of cholesterol 7α-hydroxylase activity in the cholesterol-fed NZW rabbits. After 5 days of bile fistula, when the bile acid pool was depleted entirely, inhibited cholesterol 7α-hydroxylase activity rebounded in all rabbit groups. After bile fistula, the hepatic cholesterol levels in the cholesterol-fed rabbits were still higher than the baseline value, but the more the cholesterol deposited, the greater the upregulation of cholesterol 7α-hydroxylase activity. Again, these results further demonstrated that (a) the circulating bile acid pool was the most powerful regulator of cholesterol 7α-hydroxylase and that it was the enlarged bile acid pool size that inhibited cholesterol 7α-hydroxylase in cholesterol-fed rabbits; and (b) increased hepatic cholesterol was not an inhibitor but a stimulator that initially induced cholesterol 7α-hydroxylase activity and resulted in greater upregulation of cholesterol 7α-hydroxylase after removal of the bile acid pool.
In distinction, mitochondrial sterol 27-hydroxylase responded differently to cholesterol feeding. Sterol 27-hydroxylase activity was upregulated by the increased hepatic cholesterol pool but was insensitive to the feedback regulatory effect of the enlarged circulating bile acid pool. Sterol 27-hydroxylase activity that increased in response to cholesterol feeding did not change significantly when the bile acid pool was removed by drainage. We believe that activated sterol 27-hydroxylase was responsible for the expansion of the bile acid pool size, because sterol 27-hydroxylase continued actively making bile acids via alternative bile acid synthesis regardless of the size of the expanded bile acid pool. After bile drainage, when cholesterol 7α-hydroxylase activity was induced with significant increase of newly synthesized cholic acid (19) , sterol 27-hydroxylase activity remained at upregulated levels, because hepatic cholesterol concentrations were still high. Therefore, activation of sterol 27-hydroxylase was not simply compensation for the inhibition of classic bile acid synthesis and cholesterol 7α-hydroxylase but was a result of continued stimulation by increased hepatic cholesterol levels. We recently reported (29) that in Watanabe hyperlipidemic homozygous and heterozygous rabbits with total and partial hepatic low-density lipoprotein (LDL) receptor deficiency, cholesterol feeding did not stimulate (in homozygotes), or insignificantly increased (in heterozygotes), sterol 27-hydroxylase activity. In the cholesterol-fed Watanabe rabbits, hepatic cholesterol levels also significantly rose, whereas either total (in homozygotes) or most (in heterozygotes) hepatic cholesterol entered the liver via non-LDL receptor pathways. These results not only supported our contention that increased hepatic cholesterol stimulated sterol 27-hydroxylase activity but also suggested that only increased hepatic cholesterol that was delivered via LDL receptors could upregulate sterol 27-hydroxylase activity.
The finding that alternative bile acid synthesis is not controlled by expanded or depleted bile acid pool has important implications with respect to bile acid synthesis, especially in cholestatic liver diseases. In these conditions, there is interruption of the hepatic excretion of bile acids that are accumulated in the liver. Classic bile acid synthesis and cholesterol 7α-hydroxylase are inhibited. However, as observed in the cholesterol-fed NZW rabbits, sterol 27-hydroxylase remains active in the presence of an enlarged intrahepatic bile acid pool, and alternative bile acid synthesis continues to add more detergent bile acids to the liver. Thus, alternative bile acid synthesis that is present to supplement the classic pathway can actually contribute detergent bile acids that may further damage the liver in cholestatic liver diseases.
With respect to cholesterol biosynthesis, HMG-CoA reductase, the rate-determining enzyme, was inhibited as expected after one day of cholesterol feeding and remained suppressed throughout the cholesterol feeding period. However, removal of the bile acid pool by drainage upregulated HMG-CoA reductase in control and cholesterol-fed rabbits when hepatic cholesterol levels still remained significantly higher than baseline. Thus, hepatic cholesterol biosynthesis that is very sensitive to negative-feedback control also responded to interruption of enterohepatic circulation. In this case, depletion of the bile acid pool obviously overrode the effects of elevated hepatic cholesterol levels. Figure 8 shows that, opposite to cholesterol 7α-hydroxylase (Fig. 6) , after bile drainage, the more hepatic cholesterol accumulated, the less increase of HMG-CoA reductase activity. This suggests that retaining hepatic cholesterol still exerts an inhibitory effect on hepatic HMG-CoA reductase. There is a difference, however, between the rats and rabbits. Cholesterol fed to rats increased classic bile acid synthesis and
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Figure 8
Effects of increasing cholesterol feeding and bile fistula on HMG-CoA reductase activity. The open bars represent HMG-CoA reductase activity in controls and after different days of cholesterol feeding; the crosshatched bars represent the activity after 5 days of bile drainage. Enzyme activities were inhibited immediately after 1 day of 2% cholesterol feeding and remained suppressed as the feeding continued. After 5 days of bile drainage, the activities significantly rebounded in each group. However, the more hepatic cholesterol, the less the increase of HMG-CoA reductase activity. HMG-CoA, β-hydroxy-methylglutaryl coenzyme A.
cholesterol 7α-hydroxylase without stimulating alternative bile acid synthesis and sterol 27-hydroxylase activity. The hepatic cholesterol pool rises, but plasma cholesterol levels do not. Thus, the rat is protected against dietary cholesterol-induced hypercholesterolemia by increasing the conversion of cholesterol to bile acids via the classic pathway and excreting the excess cholesterol as bile acids in the feces. As already mentioned, in rabbits, cholesterol 7α-hydroxylase activity is initially induced by increasing hepatic cholesterol but is inhibited after cholesterol feeding has expanded the bile acid pool, which is a more powerful regulator. The question is why cholesterol 7α-hydroxylase activity is not inhibited in cholesterol-fed rats. Is it because hepatic cholesterol is a more powerful inducer or because cholesterol feeding does not enlarge the bile acid pool size in rats? Perhaps the difference resides in ileal bile acid transport.
